Applications such as solid-state waste-heat energy conversion, infrared sensing, and thermally-driven electron emission rely on pyroelectric materials (a subclass of dielectric piezoelectrics) which exhibit temperaturedependent changes in polarization. Although enhanced dielectric and piezoelectric responses are typically found at polarization instabilities such as temperature-and chemically induced phase boundaries, large pyroelectric effects have been primarily limited in study to temperature-induced phase boundaries. Here, we directly identify the magnitude and sign of the intrinsic, extrinsic, dielectric, and secondary pyroelectric contributions to the total pyroelectric response as a function of chemistry in thin films of the canonical ferroelectric PbZr 1−x Ti x O 3 (x = 0.40, 0.48, 0.60, and 0.80) across the morphotropic phase boundary. Using phase-sensitive frequency and applied dc-bias methods, the various pyroelectric contributions were measured. It is found that the total pyroelectric response decreases systematically as one moves from higher to lower titanium contents. This arises from a combination of decreasing intrinsic response (−232 to −97 μC m −2 K −1 ) and a sign inversion (+33 to −17 μC m −2 K −1 ) of the extrinsic contribution upon crossing the morphotropic phase boundary. Additionally, the measured secondary and dielectric contributions span between −70 and −29 and 10−115 μC m −2 K −1 under applied fields, respectively, following closely trends in the piezoelectric and dielectric susceptibility. These findings and methodologies provide novel insights into the understudied realm of pyroelectric response.
■ INTRODUCTION
Among the various interrelationships of electrical, mechanical, and thermal properties of polar materials, electrothermal effects have remained relatively understudied as a result of limited materials physics understanding, insufficient access to well-controlled materials, and inadequate measurement protocols. 1 One particularly important effect in this regard is the pyroelectric effect which is parametrized by the pyroelectric coefficient (1) where X, P s , T, and E refer to stress, spontaneous polarization, temperature, and electric field, respectively. 2 While considerable advances in controlling both dielectric (E) and piezoelectric (X) responses have been made, there are limited developments over the past few decades in the understanding of routes to enhance π. While there are a number of commercial applications for pyroelectrics (e.g., infrared sensors for thermal imaging, pollutant detection, etc. 3, 4 ), these typically rely on materials such as LiTaO 3 , LiNbO 3 , and triglycine sulfate which have rather unremarkable room-temperature π values, but other features (e.g., low dielectric permittivity) that make them useful for some applications. In turn, the development of new materials with large π or routes to enhance π in existing materials has led to reports of enhanced electrothermal responses, generally accomplished by placing the material in proximity to a temperature-induced phase boundary. 5 While this provides for impressive values of π, the effects are enhanced only in a narrow temperature regime (e.g., near the ferroelectric-to-paraelectric phase boundary occurring at the Curie temperature, T C ). Nonetheless, there is considerably less work on the same phenomena in proximity to chemically induced phase boundaries. While it is wellknown that both dielectric and piezoelectric response can be enhanced in the vicinity of features like the morphotropic phase boundary (MPB), 6−9 few, and often conflicting, reports have addressed the evolution of pyroelectric responses at such features. 10−13 Therefore, future work must address the lack of in-depth understanding of the various contributions to pyroelectric response, how and why π varies in magnitude and sign with material chemistry, strain, etc. and, in turn, what can be done outside tuning T C to produce large pyroelectric effects near room temperature. Such a discussion requires that we understand the potential contributions to pyroelectric response. In general, one may express the total pyroelectric response as where ϕ is the fraction of ferroelectric domains contributing to the pyroelectric response, x is the strain, ε 0 is the permittivity of free space, and ε r is the relative permittivity. Here, the primary contribution is defined by the combination of both the intrinsic (π Int , first term) and extrinsic (π Ext , second term) effects, similar to that of dielectrics. 14−16 The intrinsic contribution arises from the temperature dependence of P s (i.e., within the ferroelectric domains), while the extrinsic contribution arises from the temperature dependence of the domain structure (i.e., thermally induced domain-wall motion). 14 The secondary contribution (π Sec , third term), in general, arises from the fact that all pyroelectric materials are also piezoelectric. Thus, temperature-induced volume changes are commensurate with piezoelectric polarization changes. Furthermore, complications arise in thin-film geometries where the thermal-expansion mismatch between the film and substrate provides additional induced stress by confining the free in-plane thermal expansion of the film, and thus can induce additional changes in P s via the piezoelectric effect. To encompass all these coupled subtleties, the secondary contribution includes material properties such as the piezoelectric coefficient, elastic stiffness, and the thermal-expansion coefficient. 14, 17, 18 Furthermore, under applied electric fields, a dielectric contribution (π ε , fourth term) arises from the temperature and electric-field dependence of ε r . Lastly, the tertiary contribution (π Ter , fifth term) arises via the piezoelectric effect from inhomogeneous heating that induces nonuniform stresses. 19 This effect typically only pertains to bulk materials and may be neglected if uniform heating is achieved; which is typically the case in thin films. To date, outside of a limited number of phenomenological-modeling treatments 14, 15, 20 and indirect-property measurements, 21 there have been few attempts to directly extract these various contributions to electrothermal response. 22, 23 Here, combining thin-film epitaxy, extensive fieldand temperature-dependent property measurements, including direct electrothermal measurements of pyroelectric currents in thin-film capacitors, we extract and quantify the intrinsic, extrinsic, dielectric, and secondary pyroelectric contributions to pyroelectricity in PbZr 1−x Ti x O 3 (x = 0.40, 0.48, 0.60, and 0.80) as a function of chemistry across the MPB. Using phasesensitive frequency and field-dependent electrothermal measurements, it is possible to independently suppress (i.e., turnoff) the secondary, extrinsic, and dielectric contributions to elucidate the magnitude and sign of all contributions to the overall response. The total pyroelectric response decreases systematically as one moves from higher to lower titanium contents as a result of a combination of decreasing intrinsic response and a sign inversion of the extrinsic contribution upon crossing the MPB. The intrinsic response can range from −232 to −97 μC m −2 K −1 , in some cases closely approaching the total measured response. The extrinsic response varies greatly in magnitude and sign as the chemistry is varied (from +33 to −17 μC m −2 K −1 ) and can thus dramatically reduce the total pyroelectric response in some cases. The secondary contribution spans between −70 to −29 μC m −2 K −1 and scales directly with the piezoelectric response of the materials and the dielectric contribution can be varied from 10 to 115 μC m −2 K −1 (at E = 100 kV cm −1 ), following trends in the dielectric susceptibility. Regardless of chemistry, under zero applied field the intrinsic contribution (56−99%) is found to provide the largest component of overall response followed by the secondary (15−35%) and extrinsic (2−14%) effects. Under applied fields, the dielectric effects can also be large (4−58% at the largest measured total response). These findings and the methodologies developed to extract them provide novel insights into the understudied realm of pyroelectric response.
■ RESULTS AND DISCUSSION
In order to systematically investigate the various pyroelectric contributions as one transitions across the MPB, a composition series of 100−140 nm-thick PbZr 0.60 Ti 0 24 We note that the 120 nm-thick x = 0.80 heterostructures were used in a prior study and are included here for additional comparison and to validate the overall measurements and direct extraction methodologies developed herein. 25 θ-2θ X-ray diffraction and atomic force microscopy studies ( Figure 1a , Materials and Methods, and Supporting Information, Figure S1 ) confirm that, in all cases, the heterostructures are single-phase, epitaxial, and of high surface topography quality (root-mean-square roughness <600 pm). Due to the relatively large lattice mismatch (1−3%) between the films and the underlying substrates, all heterostructures were found to be grown in a relaxed-strain state from reciprocal space mapping studies (Supporting Information, Figure S1c−e). Preliminary X-ray diffraction, dielectric, and ferroelectric studies for the x = 0.80 heterostructures are reported elsewhere. 25 In total, we have a systematic set of PbZr 1−x Ti x O 3 films varying only in chemistry that can be used to probe the evolution of pyroelectric response.
Following structural studies, the electrothermal devices were fabricated (Materials and Methods) 22, 25 and were then used to probe the evolution of dielectric, ferroelectric, and pyroelectric properties (Materials and Methods). First, the dielectric permittivity as a function of background dc bias (for brevity shown at 1 kHz), further confirms the quality of the heterostructures and begins to provide insight into the variations in material response ( Figure 1b ). The dielectric permittivity is expected, and is measured, to be the largest in heterostructures with MPB chemistry (x = 0.48) and then to drop off, first to the x = 0.40 heterostructures (with rhombohedral structure) and then to the x = 0.60 heterostructures (with tetragonal structure). 6 Likewise, as expected, the x = 0.48 heterostructures also showed the largest dielectric tunability (∼69% at 300 kV cm -2 ). It is noted that all heterostructure variants displayed low loss-tangent values across the same electric-field regime (<0.1; Supporting Information, Figure S2 ). Additionally, polarization-electricfield hysteresis loops (again, for brevity, reported at 1 kHz) were measured and, as expected, the largest P s values were observed for the x = 0.60 heterostructures, while the x = 0.48 heterostructures exhibited the lowest (Figure 1c ). The insulating properties of these thin films were further confirmed via studies of current density with applied dc voltage (i.e., leakage studies), where symmetric response with low-leakage currents (<10 −2 A cm −2 ), that improve with increasing zirconium content, were observed ( Figure 1d ). In all, the PbZr 1−x Ti x O 3 composition series exhibits the crystal structure and dielectric and ferroelectric properties we desire and which are consistent with previous reports. 26 Armed with this set of high-quality heterostructures, we proceeded to explore the evolution of the pyroelectric response. As previously defined, the secondary contribution to pyroelectricity in thin films arises from the elastic-boundary conditions of the substrate that confines the in-plane thermal expansion of the film, and thus induces a stress that drives a piezoelectric response. With the thin (100 nm) platinum resistive heater geometry used in this work, a characteristic thermal-penetration depth (λ) into the GdScO 3 substrate may be expressed as where D and ω refer to the thermal diffusivity (m 2 s −1 ) and heating current oscillation angular frequency (rad s −1 ), respectively. 27 By adjusting the angular frequency of the input heating current I 1ω to the resistive line, we are able to control the λ between approximately 5−150 μm (Figure 2a ). In turn, by investigating the frequency response of λ, it is possible to identify two regimes of response. At low frequencies (<10 Hz), ∼30% of the total substrate thickness (500 μm) is effectively being heated, allowing for local thermal expansion of the substrate, and thus a secondary contribution from thermal expansion mismatch with the heated film. At high frequencies (>1 kHz), however, λ becomes comparable to the half-heater width (5 μm), and only ∼1% of the substrate thickness is heated. This small heated fraction of the total substrate thickness is clamped by the surrounding ∼99% of unheated substrate and thus has negligible thermal expansion. Within this regime, both the in-plane thermal expansion of the semi-infinite substrate and, in turn, secondary contribution in the system are effectively suppressed. 28 By limiting λ to a negligible fraction of the substrate, we have identified a route to obtain negligible secondary contributions (inset, Figure 2a ).
To quantitatively estimate the frequency cutoff regime for the secondary contribution, the peak-to-peak sinusoidal temperature oscillation amplitude of the ferroelectric θ FE (°C pk-pk ) and the thermal-phase lag to the input heating current I 1ω were characterized (Figure 2b ). 22 From this, the total π could be calculated as a function of heating input frequency ( Figure 2c ). As the frequency of the measurement is increased, π decreases and begins to flatten out at ∼1 kHz, indicative of a suppression of the secondary contribution. 28 There are two important observations to be made from this data. First, as the titanium content (x) decreases, so does the overall π (from −242 to −129 μC m −2 K −1 at 10 Hz for x = 0.8 and 0.4 heterostructures, respectively). Second, this trend remains even when the secondary contribution is suppressed at high frequency. Subtracting the total π at 1 kHz from that at 10 Hz to extract the effective secondary contribution in this frequency range, we see a reduction of magnitude of 29, 70, 41, and 34 μC m −2 K −1 for the x = 0.40, 0.48, 0.60, and 0.80 heterostructures, respectively. We note that this effective secondary contribution is specific only to this frequency regime (i.e., it could be slightly larger in some cases) since full saturation of π at low frequencies is limited by the noise floor of the collected pyroelectric current (i p ). The greatest secondary contributions are found closer to the MPB, consistent with the expected enhanced effective piezoelectric coefficient d jkl * in those materials. Due to the systematic use of GdScO 3 substrates (i.e., an equivalent elastic-boundary condition across all heterostructure compositions), differences in secondary response may be primarily attributed to varying piezoelectric responses. In total, it is possible to identify frequency regimes where secondary effects may be effectively suppressed, thus providing experimental boundaries for the following electrothermal measurements.
Having effectively shown that we can suppress (and therefore quantify) the secondary contribution, our attention shifted to understanding the dielectric and extrinsic contributions. Again, the extrinsic contribution refers to the temperature-dependent change in the domain structure whereby a change in temperature induces domain-wall motion as more temperature-stable domain structures grow at the expense of less stable structures. 15 Similar to the contribution domain structure plays in piezoelectric and dielectric susceptibilities, 29 extrinsic effects can comprise a large percentage (>35%) of the total pyroelectric response, 25 and thus are an essential contribution to understand and control. In the study of dielectric response, there are various approaches that have been demonstrated to separate out extrinsic effects. One, for example, aims to suppress domain-wall motion, and thus extrinsic contributions, via low-temperature measurements. Prior work 29 focused on low temperature (∼5 K) ac electricfield studies to elucidate the contributions and suppression of extrinsic effects where domain-wall motion is no longer thermally activated. Another approach aims to suppress domain-wall motion via high applied dc-electric fields. Prior work on PbZr 1−x Ti x O 3 thin films identified dc-field regimes >200 kV cm −1 wherein domain walls become electrically "pinned", thus suppressing extrinsic contributions and diminishing the overall dielectric response. 30, 31 To date, no equivalent methodologies have been developed for pyroelectric response.
As such, we initially explored analogous approaches. First, focusing on low-temperature studies, a clear suppression of the total i p response was found as expected; however, extraction of π via eq 5 (Materials and Methods) remained challenging due to the reduced temperature dependence of the platinumheater-line resistance and associated dc temperature rises at temperatures <20 K (i.e., where domain-wall motion is suppressed). In turn, the applied ac-temperature oscillations and material dc temperature could not be accurately characterized and easily controlled in the thin-film 3ω method applied herein. 27, 32 Based on this observation, we turned to high-dc-bias techniques to attempt to suppress domain-wall contributions. From a naive point of view, simply completing pyroelectric studies as a function of dc bias should provide a way to quench (at high biases) the extrinsic contributions. While this is true, it is also convoluted with any potential dielectric contributions that arise from applied bias. To separate out these two effects, we recall that the dielectric contribution is defined as
and requires knowledge of both the field and temperature dependence of ε r ( Figure  3a ). To obtain this information, we measured the capacitance as a function of field (E = 0−500 kV cm −1 ) at three temperatures (i.e., 23, 33, and 42°C; Figure 3b ) and extracted the derivative of the curve in the temperature regime of interest (Materials and Methods, Figure 3c ). Such data for the x = 0.40, 0.48, 0.60, and 0.80 heterostructures reveals that all compositions experience a reduction of permittivity with increasing bias which is explained via the suppression of the extrinsic domain-wall contributions at high fields ( Figure  3b ). 23 Within a temperature regime similar to that applied for the pyroelectric studies (ΔT = 19°C), the largest dispersion in permittivity is found at lower fields (for brevity, representative data for the x = 0.48 heterostructures is provided; inset, Figure  3b ). In turn, we can extract values of
for the various heterostructures as a function of dc bias (Figure 3c ) to be used to quantify the dielectric contribution to pyroelectricity. Due to enhanced dielectric susceptibility, the x = 0.48 heterostructures are found to have the highest dielectric contribution to pyroelectricity, followed first by the x = 0.40, and then the x = 0.60 and 0.80 heterostructures−following the trend in overall dielectric permittivity. Additionally, all dielectric contributions begin to asymptotically approach 0 K −1 past ∼300 kV cm −1 . Thus, by taking the derivative Bringing this all together, we can complete dc-biasdependent pyroelectric measurements in such a fashion that it allows us to account for the various contributions. First, the secondary contribution can be obtained by completing the measurements as a function of frequency and comparing the results at low (i.e., ∼10 Hz) and high (i.e., ∼1 kHz) frequency where the secondary contribution is quenched. Second, dc-bias dependence provides us the ability to quench the extrinsic contribution at high dc biases. Finally, the additional fieldand temperature-dependent studies of ε r noted above ( Figure 3 ) allow us to quantify and decouple the dielectric contribution induced by the applied bias. The dc-bias evolution of i p for the various heterostructures is provided, shown here scaled to the heater powers used for the x = 0.80 and 0.60 heterostructures to enable direct comparison (Figure 4a ). All heterostructure variants display a characteristic i p hysteresis loop, indicating two oppositely poled polarization states. In turn, the total π can then be extracted as a function of dc bias (note that π values are negative), and, again, a decrease in the maximum π is observed as the titanium content (x) is decreased (Figure 4b ). Similar to previous reports, 25,33 a butterfly-like response is observed, where the minima in pyroelectric response occur at the coercive field. Evidence of the dielectric contribution is observed in the positive slope of the total π as the magnitude of the applied electric field is increased. Due to the fact that (Figure 3a) , this contribution opposes the overall negative π values.
With the secondary and dielectric contributions quantified, attention was next directed toward extracting the intrinsic response. Similar to intrinsic contribution extraction methodologies in dielectrics, 30, 31 we utilized high-field π response to fit and extract the zero-field intrinsic contribution. Specifically, by extending the field-dependent pyroelectric response studies ( Figure 4b ) to higher dc-electric fields (500 kV cm −1 ), the dielectric and extrinsic contributions can be effectively suppressed. Following the approach used in dielectric studies, we can then extrapolate back to zero bias to extract the zerobias intrinsic response. Using the slope of π from the high-field regime (i.e., 450−500 kV cm −1 ), we extrapolate linear response to zero field for the various compositions (Figure 4c ). All heterostructure variants exhibit a nearly field independent intrinsic response (slope α i ), similarly seen to the intrinsic contribution extraction for dielectric response. 30, 31 Specifically, zero-field intrinsic values (π Int ) of −220, −179, −110, and −97 μC m −2 K −1 are extracted for the x = 0.80, 0.60, 0.48, and 0.40 heterostructures, respectively. Here we see a decreasing contribution to the overall response with decreasing titanium composition (x); consistent with previous phenomenological predictions. 14 To begin to explain the total composition dependence of π, a detailed methodology of contribution extraction is demonstrated, as an example, on the x = 0.80 heterostructures which were previously characterized using a monodomain (i.e., zero extrinsic contribution) reference sample. 25 Namely, using (Figure 2c ) contributions, the extrinsic contribution can be solved for in a self-consistent fashion according to eq 2. Again, the secondary contribution can be quenched by operating at high frequencies (1 kHz) thus allowing direct quantification of this value. The intrinsic contribution can then be extracted from the zero-field intercept of a line with the slope of the high-field total pyroelectric response (similar to approaches used in dielectrics 30 ). The measured dielectric response is extracted from C−V methodologies and is zero at zero field. Likewise, the extrinsic contribution should approach 0 μC m −2 K −1 at high fields as we quench domain-wall motion. Armed with this evolution, we can self-consistently solve for the extrinsic contribution to the total response. Specifically, using the full-range (i.e., 0−500 kV cm −1 ) dc-bias dependence of the total π we can identify where the extrinsic response asymptotes to 0 μC m −2 K −1 such that it fulfills the conditions above. For the x = 0.80 heterostructures, the extrinsic response is found to approach zero near 300 kV cm −1 (Figure 5a ). Again, to quantify the extrinsic contribution from eq 2, the response is extracted at 1 kHz and zero field, where secondary and dielectric contributions can be excluded. Compared to recent work, 25 the intrinsic (∼-250 μC m −2 K −1 ) and extrinsic (∼40 μC m −2 K −1 ) values align quite closely at E = 0 kV cm −1 ; thus confirming the validity of this methodology. Due to the ac nature of the pyroelectric measurements, dcleakage currents induced by applied dc biases do not contribute to the collected i p . The major advantage of this proposed methodology is that it allows researchers to extract extrinsic contributions without the need for free-standing geometries, intricate knowledge of piezoelectric/thermal properties, and/or monodomain-reference samples (something that may not be possible to achieve for all ferroelectric systems). 25,34−36 Applying the same methodology to the other compositions (Supporting Information, Figure S3 ), a comprehensive comparison of all π contributions may be made (Figure 5b) . Here, both the total and intrinsic contributions display decreasing values as the titanium content (x) is decreased. This trend may be explained, in part, via the intrinsic polarization axis moving away from the out-of-plane [001]
for the titanium-rich, tetragonal phases toward the [111] for the titanium-poor, rhombohedral phases, thus contributing less to the out-of-plane total measured response. Furthermore, the secondary contribution not only depends on the thermalexpansion mismatch between the film and substrate, but additionally on the piezoelectric coefficient d jkl * of the film. Due to the use of GdScO 3 substrates across all compositions, the systematic increase and maximum of the secondary contribution in proximity to the MPB is thus attributed to the enhanced piezoelectric susceptibility since the thermal expansion mismatch is not expected to vary greatly. 14, 37, 38 Following previous phenomenological models, 14 the extrinsic contribution does decrease as one approaches the MPB from the titanium-rich side and actually undergoes a sign inversion upon proceeding to the zirconium-rich side of the phase diagram and is explained by changes in how the domain structures respond to temperature changes in this regime. Unlike the case for BaTiO 3 and titanium-rich PbZr 1−x Ti x O 3 where abundant strain-dependent phase diagrams provide insight into the thermodynamic stability of domain phases, 39, 40 there has been less attention on the zirconium-rich side of the phase diagram. Titanium-rich compositions are known to exhibit an increase in c-domain fraction upon heating at compressive strains (i.e., positive extrinsic contribution), 39 however, this appears to be the opposite for these relaxed zirconium-rich heterostructures. Due to the curvature of the monoclinic phase toward the zirconium-rich compositions and the polar axis remaining in the plane between the [001] and [111], compositions at or near the monoclinic phase of PbZr 1−x Ti x O 3 would be expected to have a decrease in out-ofplane polarized domains as the rhombohedral phase is approached. 41−43 Therefore, the ( ) T ϕ ∂ ∂ term would in fact be negative as decreased out-of-plane polarizations are stabilized upon heating, thus directly supporting the total negative pyroelectric response. Naively speaking, one would predict that an enhanced negative extrinsic contribution would drive an overall higher magnitude π response, however, with our ability to quantify the intrinsic and other contributions, it is clear this is not always the case. For titanium-rich compositions, large dominating intrinsic values work against extrinsic contributions that are of the opposite sign. Upon crossing the MPB, even though the sign of the extrinsic contribution changes to work together with the intrinsic response, this coincides with a strong reduction in the intrinsic response arising from a symmetry change in the material. The result is a diminished overall response. In order to maximize the total pyroelectric response in the PbZr 1−x Ti x O 3 system, a minimally strained (<−0.25%) tetragonal thin film of composition x = 0.80 could be developed to minimize the counteracting positive extrinsic response, while maintaining enhanced intrinsic contributions relative to the cases where diminished intrinsic response follows extrinsic sign inversions. The key to pyroelectric susceptibility enhancement lies in the ability to control intrinsic and extrinsic contributions via composition and elastic boundary conditions, respectively.
■ CONCLUSION
In total, frequency and dc-bias methodologies have been applied to systematically investigate and directly extract numerous pyroelectric contributions as a function of chemistry across the MPB of the PbZr 1−x Ti x O 3 system. Unlike dielectric and piezoelectric susceptibilities which are found to become maximum at the MPB, the pyroelectric response displays a systematic reduction as the titanium content (x) is decreased. This reduction is explained primarily via the reduction of the intrinsic pyroelectric contribution, in which the out-of-plane polar axis component is reduced upon transitioning from the tetragonal to the rhombohedral side of the phase diagram. Additionally, an inversion of the sign of the extrinsic contribution was found to lie in the vicinity of the MPB in which the temperature dependence of the out-of-plane pointing domain fractions decreases upon heating. In all, the intrinsic response accounted for upward of 99% (|97−232| μC m −2 K −1 ) of the total measured pyroelectric response, while the extrinsic and secondary contributions account for ∼8% (| 2−33| μC m −2 K −1 ) and ∼23% (|29−70| μC m −2 K −1 ), respectively. Additionally, following trends in the dielectric susceptibility, the measured dielectric contribution ranged from |10−115| μC m −2 K −1 at an applied electric field of 100 kV cm −1 for the respective compositions. This work has not only provided the community with a comprehensive pyroelectric extraction methodology, but elucidated the need to directly characterize and consider all pyroelectric contributions of ferroelectric systems for the thoughtful design of enhanced susceptibility within pyroelectric materials. 24 We note that the 120 nm-thick x = 0.80 heterostructures were used in a prior study and are included here for additional comparison and to validate the overall measurements and direct extraction methodologies developed herein. 25 Using a KrF excimer laser (Coherent LPX-300, λ = 248 nm), 20 nm Ba 0.50 Sr 0.50 RuO 3 bottom electrodes were deposited from a ceramic target of the same chemistry at a heater temperature of 700°C in a dynamic oxygenpartial pressure of 100 mTorr and laser fluence of 1.13 J cm −2 (10 Hz laser repetition rate). Following the growth of the Ba 0.50 Sr 0.50 RuO 3 , the PbZr 1−x Ti x O 3 films were deposited from ceramic targets of the various chemistries noted with 10% lead excess at a heater temperature of 610°C, in a dynamic oxygen-partial pressure of 100 mTorr and a laser fluence of 0.83 J cm −2 (10 Hz laser repetition rate). As the growth rates from the different targets vary, thickness calibrations were completed using X-ray reflectivity to ensure films of similar thickness were produced (Supporting Information, Figure  S1a ). Following growth of the PbZr 1−x Ti x O 3 films, 40 nm Ba 0.50 Sr 0.50 RuO 3 top electrodes were deposited from a ceramic target of the same chemistry at a heater temperature of 610°C, keeping all other growth parameters consistent with the bottom electrode deposition. Following growth of all layers, the heterostructures were cooled to room temperature in a static oxygen pressure of ∼700 Torr at a rate of 5°C min −1 . Following growth, all films were subjected to extensive structural characterization including X-ray θ-2θ line scans, reciprocal space mapping studies (Supporting Information, Figure  S1b-d) , and X-ray reflectivity measurements using Cu Kα radiation (Panalytical X'Pert 3 MRD diffractometer). Lastly, representative bilayer structures (i.e., without top electrodes) were grown under the aforementioned conditions to allow surface morphology studies of the PbZr 1−x Ti x O 3 using atomic force microscopy (Asylum Research, MFP-3D).
■ MATERIALS AND METHODS
Electrothermal Device Fabrication. Following previously defined processing methods, 22 ,25 the development of the electrothermal test platforms used in this work is briefly summarized here. With the trilayer capacitor structures noted above, the active device regions were defined via photolithography and ion milling. The top and bottom electrodes were further ion milled to isolate their overlay solely within the active device strip. Following this, a 200 nm-thick blanket layer of SiN x was deposited via plasma-enhanced chemical vapor deposition (SiH 4 + NH 3 at 350°C and 950 mTorr) to isolate the electrical capacitor circuit from the overlying heating circuit. The blanket layer SiN x was further defined into the appropriate configuration to separate it from the top heater circuit via reactiveion etching with O 2 and CHF 3 gases under 250 W of RF power. Lastly, a 100 nm-thick platinum resistive heater line was sputtered at room temperature under an argon-partial pressure of 7 mTorr to define the top thermal circuit.
Dielectric, Ferroelectric, and Pyroelectric Characterization. All polarization-electric field hysteresis loops and current−voltage response were acquired using a ferroelectric tester (Radiant Technologies, Precision Multiferroic Tester), where triangular and linear voltage waveforms wereapplied at various frequencies across the ferroelectric capacitor structure. Extraction of dielectric properties was acquired with an impedance analyzer (Keysight E4990A) wherein a 10 mA ac sensing signal was used to extract the capacitance and loss tangent as a function of applied dc voltage (C−V). Furthermore, in order to capture the temperature dependence of ε r (E) necessary to extract the dielectric contribution ( )
, prepoled, monopolar C−V measurements were completed up to E = 500 kV cm −1 at three temperatures (i.e., 23, 33, and 42°C). Due to the relatively high T C for this system(>400°C), 27 nonlinearity of ε r (E) may be neglected within the near-room-temperature regime chosen for this study. were extracted for each electric field to calculate the final dielectric contribution. Direct ac pyroelectric characterization following established processes 22, 25 was completed and is summarized briefly here. A resistive heating current [I 1ω = I 0 cos(ωt)] was applied to the top platinum line via a current source (Keithley 6221) at 10 mA rms amplitude to produce temperature oscillations via Joule heating (P = I 2 R). The oscillating temperature amplitude (2ω) results in an oscillating heater-line resistance at 2ω. With the input heating current (1ω) multiplied with the heater resistance (2ω), the third harmonic (3ω) of the voltage drop across the line could be measured (3ω method) 27 where α refers to the temperature coefficient of resistance of the platinum ( )
